Objective-The consequences of macrophage triglyceride (TG) accumulation on atherosclerosis have not been studied in detail so far. 
I
n most mammalian cells, excess neutral lipids form lipid droplets as storage organelles. Macrophage-derived foam cells are a hallmark of atherogenesis. Generally, foam cells in early atherosclerotic lesions accumulate cholesteryl esters (CE), whereas advanced lesions have increased concentrations of free cholesterol (FC), leading to macrophage apoptosis and an increased risk for plaque rupture. [1] [2] [3] [4] Macrophages may also transform into TG-rich foam cells on incubation with very-lowdensity lipoproteins. [5] [6] [7] However, the (patho) physiological consequences of triglyceride (TG) accumulation in macrophages on atherogenesis have not been studied in detail so far. Unesterified fatty acids (NEFA) in macrophages are taken up from the plasma after hydrolysis of TG-rich lipoproteins by lipoprotein lipase or by absorption of albumin-bound fatty acids (FA). Inside the cells, FA are esterified within TG and CE, which are less harmful to the cells than NEFA, 8, 9 or routed to mitochondrial FA ␤-oxidation. Thus, CE and TG accumulation within lipid droplets might be seen as a buffer to detoxify excess NEFA and FC.
Both FA and FC are released from lipid droplets by intracellular lipases. Adipose triglyceride lipase (ATGL) (also named patatin-like phospholipase domain-containing protein-2, PNPLA2, desnutrin, and phospholipase A2) plays a critical role in cellular lipid homeostasis because it specifically catalyzes the initial step in TG hydrolysis. 10 -12 Mice lacking ATGL exhibit massive TG accumulation in many tissues and cells as a consequence of defective TG hydrolysis and die from heart failure at an early age. 13 The importance of ATGL in macrophage TG metabolism and whether its activity contributes to atherogenesis in mice has not been investigated so far. Consistent with the hypothesis that lipasemediated modulation of FA concentrations affects atherogenesis, it was reported that atherosclerosis susceptibility is increased in mice with high expression levels of lipoprotein lipase in macrophages and reduced in mice that lack lipoprotein lipase. 14 -16 The present study was designed to address the role of ATGL in macrophages and to examine the consequences of macrophage TG accumulation for atherogenesis. We used bone marrow transfer to investigate mechanisms by which the absence of macrophage ATGL may modulate atherosclerotic susceptibility. Evidence is provided that ATGL deficiency in macrophages and the concomitant TG accumulation resulted in reduced atherosclerosis in low-density lipoprotein receptor (LDLr) knockout (KO) mice. Downregulation of ATGL in macrophages might thus be an interesting and prospective strategy to attenuate early atherogenesis.
Materials and Methods
For detailed methodology, please see the supplemental data, available online at http://atvb.ahajournals.org.
Bone marrow transplantation (BMT) was used to selectively disrupt ATGL in hematopoietic cells, including macrophages. Briefly, female LDLr KO mice were exposed to a single dose of 9 Gy (0.19 Gy/min, 200 kV, 4 mA) x-ray total body irradiation, using an Andrex Smart 225 Röntgen source (Yxlon International, Copenhagen, Denmark) 1 day before transplantation. Irradiated recipients were transplanted by intravenous injection of 5ϫ10 6 bone marrow cells, isolated from male ATGL KO mice or from wild-type (WT) littermates. To induce the development of atherosclerosis, mice were fed a Western-type diet (WTD), containing 15% (w/w) cocoa butter and 0.25% (w/w) cholesterol (Diet W, Special Diet Services, Witham, United Kingdom) for 9 weeks, starting at 8 weeks after transplantation, after which the mice were euthanized and atherosclerotic lesion development and lesion composition was quantified. For determination of white blood cell (WBC) counts, serum lipids, and monocyte chemoattractant protein 1 levels, blood was drawn after an overnight fasting period. 
Results

Increased Lipid Accumulation in ATGL KO Macrophages
First, we determined the presence of ATGL in bone marrowderived macrophages (BMDM) and foam cells by real-time polymerase chain reaction. ATGL was highly expressed in both BMDM and ␤-very-low-density lipoprotein-loaded macrophage foam cells (ATGL cycle threshold: 22.1Ϯ0.31 and 22.5Ϯ0.51 respectively; ␤-actin cycle threshold: 17.0Ϯ0.55 and 17.0Ϯ0.23 respectively). No significant difference in ATGL expression was found between nonloaded BMDM and ␤-very-low-density lipoprotein-loaded foam cells, indicating that ATGL expression was not regulated by lipid loading.
Next, we visualized lipid droplets in peritoneal macrophages of WT and ATGL KO mice by electron microscopy. For comparison, acetylated low-density lipoprotein (ac-LDL)-laden macrophage foam cells were included. As expected, ac-LDL-laden macrophage foam cells showed extensive lipid droplet accumulation and a drastic increase in cellular CE concentrations ( Figure 1A ). ATGL KO BMDM accumulated lipid droplets even in the absence of exogenous lipid loading, whereas this was not observed in the majority of the WT macrophages ( Figure 1A ). Lipid droplet formation in the ATGL KO macrophages was the consequence of a 3-fold (PϽ0.001) increase in cellular TG concentrations compared with WT macrophages ( Figure 1A ). FC and CE concentrations were comparable in macrophages from both groups.
To investigate the consequences of macrophage ATGL deficiency on atherosclerotic lesion formation, we performed a transplantation of ATGL KO and WT bone marrow into LDLr KO mice. Successful hematologic chimerism of transplanted LDLr KO mice was confirmed by polymerase chain reaction analysis of genomic DNA from bone marrow isolated 17 weeks after BMT (Supplemental Figure I) . As 
Serum Lipid Levels Are Comparable in ATGL KO3 LDLr KO and WT3 LDLr KO Mice
After BMT, mice were first fed a chow diet for 8 weeks followed by WTD feeding for another 9 weeks. Lipid parameters in WT3 LDLr KO and ATGL KO3 LDLr KO mice were measured at the end of each diet regimen. No significant differences in plasma TG (chow and WTD) and NEFA (WTD) concentrations were observed (Table) . WTD feeding resulted in a general Ϸ5-fold increase in cholesterol levels in both groups.
The distribution of total cholesterol (TC) and TG within serum lipoproteins was analyzed by fast protein liquid chromatography. Lipoprotein profiles of ATGL KO3 LDLr KO and WT3 LDLr KO mice were similar on both chow diet (data not shown) and WTD (Supplemental Figure II) . WTD feeding led to Ϸ6-fold increased non-high-density lipoprotein cholesterol (very-low-density lipoprotein and lowdensity lipoprotein cholesterol) in both groups, whereas no significant changes in high-density lipoprotein cholesterol concentrations were observed. In addition, lipoproteinassociated TG distribution was similar in both groups.
Decreased Atherosclerosis in ATGL KO3 LDLr KO Mice
Visual inspection of Oil Red O-stained aortic root sections showed a clear difference in lesion formation between WT3LDLr KO and ATGL KO3LDLr KO animals ( Figure 2 ). Masson's Trichrome staining, which was used to identify collagen in the lesion, showed no differences between WT3 LDLr KO and ATGL KO3 LDLr KO mice (68Ϯ15ϫ10 3 m 2 and 37Ϯ16ϫ10 3 m 2 , respectively; Figure 2) . To visualize macrophages inside the lesions, sections were stained with the monocyte/macrophage-specific MoMa-2 antibody (Figure 2 ). In agreement with the observed attenuation in lesion size, quantification of the macrophage area revealed a 37% decrease in macrophage content between lesions of WT3 LDLr KO (238Ϯ36ϫ10 3 m 2 ) and ATGL KO3 LDLr KO mice (151Ϯ17ϫ10 3 m 2 ; PϽ0.001; Figure 2 ). Next, we examined whether the migration ability of the macrophages might be influenced by ATGL deficiency. As shown in Figure 3A , ATGL KO macrophages had a 56% (PϽ0.05) reduced migration rate compared with WT macrophages. In addition, terminal deoxynucleotidyl transferase dUTP nick-end labeling staining showed a marked 39% increase in intraplaque apoptosis in ATGL KO3 LDLr KO compared with WT3 LDLr KO animals (11.7Ϯ1.5% and 7.1Ϯ1.4%, respectively; PϽ0.05; Figure 2 ).
To further investigate the observed increase in intraplaque apoptosis, we measured poly(ADP-ribose) polymerase (PARP) protein expression in ATGL KO macrophages. During apoptosis, full-length PARP (116 kDa) is cleaved by caspase-3, and possibly other caspases, into an 89-kDa fragment. 17 In agreement with the observed increase in intraplaque apoptosis, a clear shift toward cleaved PARP was detectable in ATGL KO macrophages, which is not the case in WT macrophages ( Figure 4A ). This finding indicates that macrophages deficient for ATGL are more prone to apoptosis.
Cellular Cholesterol Efflux and mRNA Levels of Genes Implicated in Lipid Homeostasis in ATGL KO Macrophages
To study the effect of ATGL deficiency on the cholesterol transport from macrophages to exogenous lipid acceptors, we measured cholesterol efflux to apolipoprotein AI and highdensity lipoprotein. Cholesterol efflux toward apolipoprotein AI and high-density lipoprotein was comparable in BMDM isolated from both genotypes (Supplemental Figure III) . Next, we performed real-time polymerase chain reaction to investigate whether lack of ATGL in macrophages resulted in compensatory upregulation of genes involved in TG hydrolysis (HSL, LPL, LAL) and biosynthesis (DGAT-1) or cholesterol uptake (SR-A, SR-BI, CD36, LDLr), esterification (ACAT-1), and efflux (ABCA1, ABCG1, SR-BI, ApoE). We found a 1.6-fold upregulation of CD36 (PϽ0.05) but no significant differences in mRNA expression of other genes (data not shown), indicating that ATGL deficiency does not affect macrophage cholesterol homeostasis, TG synthesis, and expression of other lipases.
Attenuated Production of the Proinflammatory Cytokine Interleukin-6 in ATGL KO Macrophages
Because inflammation is a critical process in atherogenesis, we measured interleukin-6 (IL-6) concentrations in the supernatant of peritoneal macrophages cultured in the absence or presence of lipopolysaccharide ( Figure 4B 
Reduced Circulating Number of WBC and Plasma MCP-1 Levels in ATGL KO3 LDLr KO Mice Challenged With WTD
On a regular chow diet, no differences in WBC counts were observed. After 9 weeks of WTD feeding, the amount of circulating WBC, however, was 39% lower in ATGL KO3 LDLr KO mice (2.35Ϯ0.24ϫ10 9 /L) compared with WT3 LDLr KO animals (3.87Ϯ0.33ϫ10 9 /L; PϽ0.01; Figure  3B ). Challenging the mice with WTD is thus essential for the observed reduction in WBC counts on disruption of ATGL in bone marrow-derived cells. This decrease was caused by a 49% decrease in neutrophils (WT, 1.26Ϯ0.18ϫ10 9 /L; ATGL KO, 0.65Ϯ0.11ϫ10 9 /L; PϽ0.05; Figure 3C ) and a 55% decrease in monocytes (WT, 0.34Ϯ0.05ϫ10 9 /L; ATGL KO, 0.15Ϯ0.04ϫ10 9 /L; PϽ0.05; Figure 3D ). We also observed a significant 29% reduction in lymphocytes (WT, 2.20Ϯ0.20ϫ10 9 /L; ATGL KO, 1.56Ϯ0.16ϫ10 9 /L; PϽ0.05; Figure 3E ). In addition, monocyte chemoattractant protein-1 (MCP-1) concentrations were 66% lower in ATGL KO3 LDLr KO mice (74Ϯ19 pg/mL) compared with WT3 LDLr KO mice (220Ϯ35 pg/mL; PϽ0.01; Figure 3F ).
Unchanged WBC Half-Life in the Circulation and Decreased LSK Population in Bone Marrow of ATGL KO3 LDLr KO Bone Marrow
To further investigate the apparent decrease in WBC in ATGL KO3 LDLr KO mice, circulating WBC were biotinylated to measure their half-life. WBC of ATGL KO3 LDLr KO mice had a half-life of 96Ϯ2.2 hours compared with 99Ϯ3.9 hours for WT3 LDLr KO animals. These data indicate that the WBC half-life cannot account for the observed decrease in the total number of WBC in ATGL KO3 LDLr KO mice.
Therefore, next, we measured the LSK population representing hematopoietic stem and multipotential progenitor cells in the bone marrow. Hematopoietic stem and multipotential progenitor cells are capable of extensive self-renewal and are responsible for the production of WBC. 18 -20 No differences were observed in the Lin Ϫ population between groups. However, ATGL KO3 LDLr KO mice exhibited a significant 36% decrease in LSK cells within the Lin Ϫ population as compared with WT3 LDLr KO mice (PϽ0.05; Figure 5 ), indicating a decreased WBC production from the bone marrow.
Discussion
ATGL is expressed at high levels in macrophages and foam cells, raising the possibility that it might affect atherosclerosis. Similar to other tissues, the absence of ATGL in macrophages resulted in increased intracellular TG concentrations. Generally, macrophage-derived foam cells are filled with CE, which are hydrolyzed by the action of a neutral CE hydrolase resulting in the release of FC. ATGL KO macrophages, however, accumulated TG even in the absence of exogenous lipid loading, resulting in a cell morphology resembling macrophage foam cells. 21 CE and FC concentrations were unchanged compared with control cells. Therefore, ATGL KO macrophages represent a perfect tool to elucidate the in vivo consequences of TG accumulation in macrophages on atherosclerosis. Thus, we created mice chimeric for macrophage ATGL expression by transplanting LDLr KO mice with bone marrow from ATGL KO and WT littermates. BMT results in the replacement of tissue macrophages, including those of the arterial wall that are involved in fatty streak formation. 22 In contrast to total body ATGL KO mice, 13 no differences were found in plasma TG, TC, or NEFA concentrations between ATGL KO3 LDLr KO and WT3 LDLr KO mice after feeding the WTD. Thus, lack of ATGL in bone marrow-derived cells has no significant influence on serum lipid levels. In line with biochemical data determined in peritoneal ATGL KO macrophages, distinct neutral lipid loading was observed in BMDM of ATGL KO3 LDLr KO and WT3 LDLr KO mice. Despite increased macrophage TG concentrations, atherosclerotic lesion formation in the aortic root was highly attenuated in ATGL KO3 LDLr KO mice. The integrity of the fibrous cap overlying lipid-rich cores fundamentally determines the stability of an atherosclerotic lesion. 23 Quantification of the collagen content in the lesions revealed no differences between the groups, indicating that the plaque stability was unchanged. However, the observed reduction in atherosclerotic lesion formation coincided with increased apoptosis, which might limit lesion cellularity and the progression of early lesions in these animals. 1, 24 During atherosclerotic lesion development, macrophages inside the lesion undergo a steady rate of apoptosis. In early lesions, apoptotic macrophages are rapidly cleared by other macrophages, thereby limiting lesion progression. 25, 26 In advanced atherosclerotic lesions, however, impaired clearance of apoptotic macrophages leads to secondary necrosis and the formation of a necrotic core. 27 Depending on the stage of lesion development, increased apoptosis can thus either enhance or suppress lesion development. The increased apoptosis rate observed in lesions of mice lacking macrophage ATGL might have prevented the formation of an advanced lesion and, at least in part, might have contributed to the observed attenuation of lesion development. In isolated ATGL KO macrophages, a shift toward cleaved PARP (a marker for apoptosis) was evident, indicating that macrophages lacking ATGL are more susceptible to apoptosis, which explains the observed increase in intraplaque apoptosis.
Leukocytes play an essential role in all stages of atherosclerotic lesion development. 28 -30 In humans, increased levels of neutrophils and monocytes induce the progression of atherosclerosis. 31, 32 Conversely, a reduced number of circulating monocytes inhibits the initiation and progression of atherosclerotic lesions in mice lacking endogenous macrophage colony-stimulating factor production. 33, 34 Importantly, we found a greatly decreased number of circulating WBC in WTD-fed ATGL KO3 LDLr KO mice. No differences were observed in the half-life of WBC of ATGL KO3 LDLr KO mice compared with WT3 LDLr KO controls, suggesting that the reduced number of circulating WBC is merely the consequence of impaired cellular recruitment from the bone marrow.
WBC are produced in the bone marrow by hematopoietic stem and multipotential progenitor cells. Virtually all hematopoietic stem and multipotential progenitor cell activity is contained within the LSK population in the bone marrow. 18 -20 Remarkably, the LSK population from ATGL KO3 LDLr KO mice is decreased compared with WT3 LDLr KO controls, indicating a reduction in WBCproducing cells. This phenomenon most likely contributed to the observed attenuation in circulating WBC.
Furthermore, the production of the proinflammatory cytokine IL-6 was markedly reduced in ATGL KO macrophages. IL-6 is one of the most important mediators of inflammation because it promotes migration as well as recruitment and activation of inflammatory cells. Although ATGL KO macrophages exhibited a decreased IL-6 production on lipopolysaccharide stimulation, basal IL-6 production was already mitigated in ATGL KO macrophages, indicating an impaired proinflammatory IL-6 signaling. It is generally accepted that inflammatory responses contribute to the development of atherosclerosis. Interestingly, recently Koliwad et al also found that overexpression of macrophage diacylglycerol acyltransferase-1, which catalyzes the final step in TG biosynthesis, protects against free FA-induced inflammatory activation of the macrophages during diet-induced obesity. 35 Thus, increasing macrophage TG accumulation by either ATGL deletion or DGAT-1 overexpression impairs macrophage proinflammatory signaling.
Moreover, plasma levels of MCP-1, an important chemoattractant for mononuclear cells, were drastically reduced in ATGL KO3 LDLr KO mice. Deletion of chemokine (C-C motif) receptor 2, the receptor for MCP-1, inhibits the egress of monocytes from bone marrow into the blood circulation. 36 Decreased concentrations of MCP-1 in the circulation might thus also have affected the amount of circulating mononuclear cells. Mice lacking MCP-1 or its receptor chemokine receptor 2 develop fewer and smaller atherosclerotic lesions than control mice, as a consequence of the reduced ability to recruit monocytes to sites in the arterial wall prone to atherosclerotic lesion development. [37] [38] [39] In addition to the reduction in plasma MCP-1 levels, we also observed a reduced migration rate of ATGL KO macrophages compared with control cells in response to MCP-1. The highly attenuated lesion size of ATGL KO3 LDLr KO mice coincided with a decrease in the macrophage area of the lesion, indicating that the total number of macrophages that had infiltrated into the arterial wall is decreased. These findings suggest that ATGL-dependent lipolysis of TG and the mobilization of NEFA as energy substrate is necessary for efficient migration.
In summary, our data indicate that macrophage ATGL plays a significant role in atherogenesis independent of its expression in other tissues. The absence of ATGL in macrophages resulted in reduced susceptibility to diet-induced atherosclerosis in LDLr KO mice because of decreased infiltration of less inflammatory macrophages. Therefore, we hypothesize that increasing intracellular TG content in macrophages is protective against lesion development and that macrophage ATGL is a novel target to attenuate early atherogenesis.
